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Abstract 

To understand scar and adhesion formation during postsurgical period of intrasynovial tendon graft healing, a murine 
model of flexor digitorum longus tendon graft repair was developed, by utilizing flexor digitorum longus tendon allograft 
from donor Rosa26/+ mouse, and the healing process at days 3, 7, 14, 21, 28, and 35 post surgery of host wild-type 
mouse was followed. Using X-gal staining, P-galactosidase positive cells of allograft origin were detectable in tissue 
sections of grafted tendon post surgery. Graft healing was assessed for the cellular density, scar and adhesion formation, 
and their interaction with surrounding tissue. From histological analysis, it was evident that the healing of intrasynovial 
flexor digitorum longus tendon graft takes place in an interactive environment of donor graft, host tendon, and host 
surrounding tissue. A total of 32 genes, analyzed by RNA analysis, expressed during healing process. Particularly, Alkl, 
Postn, Tnc, Tppp3, and Mkx will be further investigated for therapeutical value in reducing scars and adhesions. 
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Introduction 

Wound healing comprised several phases, which overlap 
each other (Figure 1). Repair of injuries to flexor tendon is 
complicated by fibrotic adhesions that compromised post- 
operative gliding and limit the range of joint flexion. 1 
Adhesions are especially exacerbated in injuries involving 
flexor digitorum profundus and flexor digitorum superfi- 
cialis tendons in Bunnell's "no man's land" or zone II of the 
hand. 2 As an alternative to primary repair, which still repre- 
sents the standard of care for these injuries, surgeons often 
use a live tendon autograft. 2 3 Unfortunately, the flexor ten- 
don grafting procedures also experience postoperative 
adhesions that limit joint flexion or cause joint contracture. 
The biological mechanisms of flexor tendon graft repair 
and adhesion formation are still poorly understood. 
Adhesions following live autograft reconstruction are 
thought to arise through intrinsic or extrinsic fibrosis, 
among other factors, including gap length, and following 
postoperative protocols to be considered. 1 - 4 5 It was hypoth- 
esized that the flexor digitorum longus (FDL) tendon graft 
healing process results from an interactive environment 
created by the donor FDL tendon allograft, host FDL ten- 
don, and host surrounding tissue. To uncover this, an inves- 
tigation was made to analyze the interactive cellular and 
molecular environment. A mouse model was developed in 



which a 3-mm gap defect was created in FDL tendon of 
hind limb of a wild-type (WT) mouse, which, in turn, was 
repaired by replacing with a 3-mm FDL tendon allograft 
from a Rosa26/+ reporter mouse, and an adequate immobi- 
lization to induce robust adhesion formation was also pro- 
vided. P-galactosidase (f3-gal) staining allowed to localize 
the cells of allograft origin during healing process in an 
interactive environment of donor allograft, host tendon, and 
the host surrounding tissue. RNA analysis of interactive 
environment provided the information of molecular factors 
that are involved in tendon healing process. This novel 
murine model will allow us to understand the cellular and 
molecular mechanisms and will target pharmacological 
manipulations to devise novel treatments to inhibit 
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Figure I. A diagrammatic sketch of wound healing phases. 

Source: Graphic created by and courtesy from Mikael Haggstrom.Wikipedia, with permission to use this figure for any purpose. 



adhesion and scar formation and will aid to increase mobil- 
ity of the hand after surgery in human patients. 

Materials and methods 

Mouse breeding 

Transgenic Rosa26/+ ((B6A29S7-Gt(ROSA)26Sor/J); stock 
number: 002 1 92) mice (The Jackson Laboratory, Bar Harbor, 
ME, USA), which carried retroviral insertion of bacterial 
lacZ (gene for P-gal) at one allele, 6 were used and maintained 
at B6 (C57BL/6J) background. Het mice served as FDL ten- 
don allograft donor and WT mice served as recipient. Mouse 
colony was expanded by Het x WT crosses. Genotyping was 
done by polymerase chain reaction (PCR) using primer 
sequences (5' ->■ 3'; oIMR0092: AAT CCA TCT TGT TCA 
ATG GCC GAT C, oIMR0314: GGC TTAAAG GCT AAC 
CTGATG TG, oIMR3449: CCG GAT TGATGG TAG TGG 
TC, OIMR8546: GGA GCG GGA GAA ATG GAT ATG). 
Genotyping protocol was used from mice vendor's website 
(The Jackson Laboratory). Animal use protocol was approved 
by the University of Rochester Animal Care Committee. The 
experiment was divided into two groups: (1) histological 
studies and (2) messenger RNA (mRNA) expression. 

Surgical procedures 

At each time-point, three surgeries were performed for his- 
tological analysis and six surgeries were performed for 
RNA expression analysis on 3-month-old mice. Mice were 
anesthetized using intraperitoneal (ip) injection of keta- 
mine (60 mg/kg of body weight) and xylazine (4 mg/kg of 
body weight). Surgeries were performed at 4.9 X magnifica- 
tion eye loupes (Surgical Acuity, Middleton, Wisconsin, 
USA) and using microsurgical background material 
(Accurate Surgical and Scientific Instruments Corporation, 
Westbury, NY, USA). Briefly, a longitudinal plantar inci- 
sion was created on the hind foot of a WT mouse. A 3 -mm 
defect was created in FDL tendon of WT mouse and filled 
by suturing a 3-mm FDL tendon allograft from Rosa 26/+ 
mouse using a 9-0 ETHILON™ suture (monofilament 
nylon, tapercut VI 00-3; Ethicon, Inc, Somerville, New 
Jersey, USA) and utilizing a modified Kessler technique 



(Figure 2(a) to (b)). The tendon was then transected at the 
proximal musculotendinous junction to temporarily immo- 
bilize the flexion mechanism to protect against disruption 
of the tendon graft early during the repair period and to 
eliminate early tendon gliding to induce adhesion forma- 
tion. The skin was closed using 5-0 ETHILON nylon suture 
(668G, Ethicon). Mice were sacrificed at different time- 
points between days 3 and 35 post surgery for histological 
studies and for RNA expression studies. The overall plan of 
the study is shown in Figure 2(c). The unoperated FDL ten- 
don tissue was recovered from WT mice without grafting 
and repair for histological comparison. 

Histological studies 

Mice were sacrificed using C0 2 anesthesia followed by decapi- 
tation and tissues were recovered. Tendon tissue was dissected 
along with surrounding tissue with a scalpel. The tissue was 
fixed in 3 mL of freshly diluted cold 4% paraformaldehyde 
(PEA) (methanol-free formaldehyde, EM Sciences) for 1 h, 
washed with cold phosphate buffered saline (PBS) three times 
for 10 min each, transferred to cold 15% sucrose solution (in 
PBS) with gentle rocking for 3 h, and finally transferred to 30% 
sucrose and kept overnight in a cold room at 5° with gentle 
rocking. The tissue was rinsed thrice, 5 min each in optimal 
cutting temperature (OCT) compound/freezing medium 
(Tissue-Tek®), and placed in a Cryomold® (Tissue-Tek) filled 
with OCT. Semi-thin sections of 7 urn thickness were cut using 
a Cryostat (Thermo, Hanover Park, Illinois, USA) and Accu- 
Edge® blades (Sakura, Torrance, California, USA). 

X-gal staining 

Frozen sections were stained for P-gal using X-gal as a 
substrate (Invitrogen, Carlsbad, California, United 
States). Briefly, frozen slides were warmed to 4°C, fixed 
in cold freshly diluted (in PBS) 0.2% glutaraldehyde (EM 
Sciences) for 10 min, and washed once in PBS, once in 
wash solution (PBS containing 2-mM MgCl 2 and 0.02% 
NP-40), and once in staining solution (wash solution con- 
taining 5-mM K 4 Fe(CN) 6 and 5-mM K 3 Fe(CN) 6 ) for 5 
min each. Finally, slides were placed in a 
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Figure 2. (a) (Top) (reproduced with permission from John Wiley and Sons, 7 modified): a schematic illustration of the live allograft 
reconstruction of murine distal FDL tendon. A 3-mm gap defect in distal FDL tendon in the hind foot of wild-type mouse was 
created and replaced surgically by a 3-mm FDL tendon allograft from Rosa26/+ mouse using 9-0 ETHILON™ suture with modified 
Kessler technique. The tendon is transected at the proximal musculotendinous junction (arrow) to temporarily immobilize the 
flexion mechanism to protect against the disruption of the tendon graft and to stimulate adhesions, (b) (Bottom): a 3-mm gap in the 
hind foot of wild-type mouse replaced surgically by a 3-mm live allograft (between arrows) from Rosa26/+ mouse, (c) An overview 
of experimental plan is shown. 
FDL: flexor digitorum longus. 



Coplin jar containing "working solution" of X-gal 
(5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside) 
substrate at 1 mg/mL of staining solution. The slides were 
placed at 35°C for 8 h for color development. The slides 
were rinsed twice in PBS for 15 s each time, given pink- 
ish/red background by placing the slides in "nuclear fast 
red solution" (EM sciences) for 10 min, rinsed in PBS, 
and then dehydrated by passing twice through increasing 
concentration of ethanol solutions (70%, 95%, 100%) for 
5 min each time. The sections were cleared by passing 
through xylene (Fisher Scientific, Canada) twice, for 5 
min each time, mounted permanently with a Cytoseal 60 
(Thermo), a mounting medium, and photographed under 



light microscope (Zeiss, Oberkochen, Germany). 
Photographs of representative histological sections are 
shown in the results (Figure 3). 

Hematoxylin and eosin staining 

Frozen sections of FDL tendon from unoperated mice 
were stained with hematoxylin and eosin (H&E) only. 
Briefly, frozen slides were warmed to 4°C, fixed in cold 
freshly diluted (in PBS) 0.2% glutaraldehyde (EM 
Sciences) for 10 min, and washed once in PBS and then 
once with distilled water. The sections were treated with 
a series of solutions — hematoxylin (for 4 min, for nuclei 



4 



Journal of Tissue Engineering 




Figure 3. (a) Histology of FDL tendon. Hematoxylin and eosin-stained section of an unoperated FDL tendon shows intact FDL 
tendon (white arrow), surrounding tissue (black arrow), and gliding space (green arrow). X-gal-stained and nuclear fast red-stained 
frozen sections of FDL tendon graft tissue with surrounding tissue at different days post surgery: (b) day 3, (c) day 7, (d) day 10, (e) 
day 1 4, (f) day 2 1 , (g) day 28, (h) day 35, and (h2) day 35, full length tendon graft at a different plane than (h). (i) Hematoxylin and 
eosin-stained section of day 35 tendon graft, (j) Whole mount of tendon graft pulled out forcibly from its surrounding tissues, (k) 
Full-length day 1 4 tendon graft. Higher magnification images of (b I ) day 3, (d I ) day 1 0, (g I ) day 28, and (h I ) day 35. 
FDL: flexor digitorum longus. 

(b) Inflammatory cell mass, blue arrowhead; (d-f) scar tissue, yellow arrowhead; (d— f) invasion of cells of allograft origin into surrounding sheath 
and tissue, green arrowhead; (g, h) adhesions, yellow arrow; (b— h) suture remnants, black arrowhead; (b I ) red arrowhead shows more cells at the 
periphery and also more cells round in shape, yellow arrowhead shows elongated tenocyte cells well aligned within collagen fibers, and green ar- 
rowhead indicates aligned collagen fibers; (d I) green arrowheads mark the approximate demarcation of grafted donor tendon and host surrounding 
tissue; of the note, blue color cells from donor tendon graft have migrated well deep in the host surrounding tissue; (gl) green arrowheads show 
the demarcation where host and donor collagen fibers align and allow healing of tendon graft per say; (h I ) yellow arrow indicates adhesion between 
donor tendon allograft and the host surrounding tissue at day 35; (h2) red arrowheads indicate relatively more adhesions, adhesions are more in (h2) 
than (h) in a section at different plane at day 35; (j) arrows with green head show the adhesions and some tissues (nonblue) at the periphery pulled 
from the host surrounding tissues at day 35; (k) host FDL shows no staining, whereas FDL tendon allograft shows the blue staining, indicating that 
host FDL can serve as a good negative control and there is no nonspecific blue staining in that area. 



staining; Sigma- Aldrich, St. Louis, Missouri, USA, prod- briefly, stained with eosin for 2 min, and again dipped in 
uct no. H3 136), rinsed gently in running tap water, dipped tap water briefly. The slides were dehydrated and mounted 
in 0.3% acid alcohol for 1 min, dipped twice in tap water permanently as described earlier. 
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Figure 4. mRNA expression of (a) Plau or uPA, (b) Serpinel or PA//, (c) Aaal or a-SMA, (d) Tgfbl, (e) TgfW, (f) Acw// orA//c-/, (g) 
Tgfbrl orAlk-5, (h) Tgfbr2, (i) Igfl, (j) Fgf2, (k) Fgfr/, (I) Gdf5 or bp, (m) Collal, (n) Co//o2, (o) CoOo/, and (p) Lox genes at different days 
of FDL tendon graft healing at days 3,7, 1 4, 2 1 , 28, and 35. 

FDL: flexor digitorum longus; SD: standard deviation; RT-PCR: reverse transcription polymerase chain reaction; a-SMA: alpha-smooth muscle actin. 
Total RNA was extracted from tendon and surrounding tissue from six mice and processed for real-time RT-PCR. Gene expression was standardized 
with the internal fi-actin control and then normalized by the level of expression at day 3 post surgery. Data are presented as the mean fold induction 
(over day 3 surgery) and ±SD; *p < 0.05 or less considered significantly different from day 3. 



RNA extraction and real-time reverse 
transcription polymerase chain reaction 

For total RNA isolation, the tissue consisted of 1.5 mm of 
sutured weave of tendon-allograft junctions on each side. 
The tissue included FDL tendon along with its surrounding 
tissue. Samples at each time-point from six animals were 
pooled in a sterile tube containing 20 mL of RNAlater® 
solution (Invitrogen) at room temperature. The tissue pieces 
were transferred to TRIzol® reagent (Invitrogen) and 
homogenized using a hand-driven glass homogenizer, and 
total RNA was isolated using manufacturer's protocol. 
Complementary DNA (cDNA) was prepared from 1 ug total 



RNA in a 20 uL of reaction mixture in 0.2-mL tubes (Bio- 
Rad) using MMLV Reverse Transcriptase system 
(Invitrogen) and following the manufacturer's protocol. A 
fixed volume of 0.5 pL of cDNA was used for real-time 
reverse transcription polymerase chain reaction (RT-PCR) 
using SYBR Green (Applied Biosystems, Foster City, 
California, USA) and specific primers for mouse genes 
(Supplementary Table SI). mRNA expression of several 
genes at different time-points was assessed (Figures 4 and 
5). The amplification was monitored real time using the 
96-well iCycler iQ™ Real-Time PCR Detection System 
(Bio-Rad, Hercules, California, USA). The threshold cycle 
(C t ) values were related to a standard curve made with the 



6 



Journal of Tissue Engineering 



(a) Vcan 



i 



c 
o 

\n 
oj 

1_ 
Q. 
X 



E 

0) 
DC 



t 




(b) Den 



(c) eg/? 




(e) Tnc 



16 



(f) Thbs2(Tsp2) 



1.5 



(g) Adamtsl 



jJlLj LiLu lllinl 



(h) /WmpS 



30 
20 
10 



(i) Mmpl3 



(j) M/np2 



(k) Mmp9 



r — - 40 r ' j — 

IjjJ -Lll I tlii 



3 7 14 21 28 35 3 7 14 21 28 35 3 7 14 21 28 35 

(I) Mmpl4(MTl-MMP) Day Post-Surgery Day Post-Surgery Day Post-Surgery 



(m)Smad9{smad8) 



(n) Sex 



(o) Mkx 



(p) Tppp3 



■ ■nil In i lil 




lui 



3 7 14 21 28 35 3 7 14 21 28 35 
Day Post-Surgery Day Post-Surgery 



3 21 35 

Day Post-Surgery 



3 21 35 

Day Post-Surgery 



Figure 5. mRNA expression of (a) Vcan, (b) Den, (c) Bgn, (d) Postn, (e) Tnc, (f) Thbs2 orTsp2, (g) Adamtsl,(h) Mmp8, (i) Mmpl3, (j) 
Mmp2, (k) Mmp9, (I) Mmpl4 or MTI-MMP, (m) Smad9 or Smad8, and (n) Sex genes at different days of FDL tendon graft healing at 
days 3,7, 1 4, 2 1 , 28, and 35. mRNA expression of (o) Mkx and (p) Tppp3 was also assessed at days 3,21, and 35. 
FDL: flexor digitorum longus. 

Total RNA was extracted from tendon and surrounding tissue from six mice and processed for real-time RT-PCR. Gene expression was standardized 
with the internal fi-actin control and then normalized by the level of expression at day 3 post surgery. Data are presented as the mean fold induction 
(over day 3 surgery) and ±SD; *p < 0.05 or less considered significantly different from day 3. 



cloned PCR products, and specificity was confirmed by 
melting curve analysis after amplification. The general 
range of C t values was 15-30. Beta-actin gene Actb was 
chosen as an internal control expressed. Data at different 
time-points, in quadruplicates, are presented as the mean 
fold induction over day 3 post surgery; ± standard deviation 
(SD); p value less than 0.05 differing from day 3 counter- 
part, was considered as significantly different. Experiment 
was repeated three times to observe the consistency of RNA 
data. Data were analyzed using one-way analysis of vari- 
ance (ANOVA) followed by Tukey 's all-pair comparisons at 
a = 0.05. A computer software KaleidaGraph was used to 



analyze the data and MS office Excel was used to draw 
graphs. 

A cohort of genes was considered for the analysis in this 
study assuming that these will play a role in tendon graft 
healing. That included the following: fibrinolysis (Plau or 
uPA, Serpinel or PAI-1), inflammation (Tgfb, MmpS), pro- 
visional extracellular matrix (ECM) proteoglycan ( Vcan), 
wound contraction (Acta!), regulation of deposition of 
ECM and fibrosis (Tgfbl, Tgft>3, and receptors Acvrll or 
Alk-1, Tgfbrl orAlk-5, and Tgfbr2), tendon tensile strength 
ECM (Collal, Colla2, Col3al), tendon healing and regen- 
eration (Igfl), tendon fibroblast growth (Fgf2 or bFgf and 
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receptor FgfrT), neotendon formation (Smad8 or Smad9), 
neotendon formation and tendon healing (Gdf5), tenocyte 
differentiation and markers (Sex and Mkx), collagen 
fibrillogenesis (Den and Bgn) and cross-linking (Lox), reg- 
ulation under constant mechanical stress (Postii), regula- 
tion of tensile strength (Trie), remodeling (Mmp2, Mmp9, 
Mmpl4 and Adamtsl), tendon peripheral protein (Tppp3), 
and vasculogenesis (Thbs2 or Tsp2). 

Results 

Histological assessment of FDL tendon graft 

Figure 3(a) shows H&E staining of FDL tendon sections 
from an unoperated mouse, which represents intact FDL 
tendon with parallel collagen fibrils and the surrounding 
tissue with a narrow space between them for gliding. Figure 
3(b) to (h) shows X-gal-stained sections from grafted FDL 
tendon at different time-points post surgery (days 3, 7, 10, 
14, 21, 28, and 35). The P-gal positive cells of allograft 
origin are present at all the time-points post surgery (Figure 
3(b) to (h)). The density of P-gal positive cells in the grafted 
tendon is lower at days 3 and 7 (Figure 3(b) and (c)) as 
compared to other days (day 10 through day 35, Figure 3(d) 
to (h)). The density increased intensely at day 10 (Figure 
3(d)). The P-gal positive cells are present in scars (Figure 
3(d) to (f)) and in adhesions (Figure 3(g) and (h)) and show 
invasion into its surrounding tissue (Figure 3(d) to (f)). 
Figure 3(j) shows the whole mount of grafted tendon forci- 
bly separated from surrounding tissues, which indicates a 
number of adhesion areas in the healing grafted tendon. 
Figure 3(k) clearly shows that host tendon was not stained 
positive for P-gal staining, whereas donor allograft tissue 
was stained with blue staining. Figure 3(i), which presents 
a section stained with H&E alone, does not provide better 
view of healing tendon graft than P-gal-stained tissue. 

At higher magnification, day 3 healing graft shows that 
tendon cells at the periphery become more round and prob- 
ably participate in cell division (Figure 3(bl)). Tendon tis- 
sue at day 10 reveals how interactive environment is created 
by the healing tissues. Tendon graft P-gal positive cells 
show invasion in the surrounding tissues of tendon (Figure 
3(dl)). Interestingly, day 28 tendon shows the boundary 
between the grafted tendon and host tendon tissues and the 
continuity of collagen fibers (Figure 3(gl)). Adhesions are 
visible between host surrounding tissue and donor tendon 
allograft (Figure 3(hl)). Tissue section at different planes 
differs in the extent of adhesion area. Figure 3(h2) presents 
another plane than that of Figure 3(h) and shows that this 
plane has more adhesions than Figure 3(h). 

Fibrinolysis regulation 

Expression of Plan (plasminogen activator, urokinase)/w7?4 
(urokinase-type plasminogen activator) and Serpinel 



((serine (or cysteine) peptidase inhibitor, clade E, member 
1))/PAI1 (plasminogen activator inhibitor 1) mRNA was 
highest at day 3 post surgery, which gradually decreased by 
day 35 and was significantly lower at each time-point as 
compared to day 3 (Figure 4(a) and (b)). 

Wound contraction 

Expression of Acta2 (actin, alpha 2, smooth muscle, 
aorta)/a-smooth muscle actin (a-SMA) mRNA remained 
elevated on all the time-points as compared to day 3, show- 
ing significantly higher levels at days 7, 14, and 35, the day 
7 with the highest peak level (Figure 4(c)). 

Transforming growth factor Ps and receptors 

Expression of Tgfbl (transforming growth factor (TGF), 
beta 1) mRNA showed highest level at day 3 (Figure 4(d)). 
The levels decreased steadily and were significantly lower at 
days 14, 21, 28, and 35, whereas Tgfb3 (TGF, beta 3) mRNA 
expression showed a reverse and an increasing trend in its 
expression, the levels being significantly higher at days 14, 
21, and 35 and nonsignificantly higher at day 28 (Figure 
4(e)). Expression of Acvrll (activin A receptor, type Il-like 
Y)IAlk-l mRNA increased significantly at days 7 and 35 and 
remained nonsignificantly higher at all the other time-points 
as compared to day 3 (Figure 4(f)), whereas Tgfbrl (TGF, 
beta receptor l)/Alk-5 expression showed a significant 
increase at days 7, 28, and 35 (Figure 4(g)). Expression of 
Tgfbr2 (TGF, beta receptor II) was significantly higher at all 
the time-points as compared to day 3 (Figure 4(h)). 

Growth factors 

Gene expression of Igfl (insulin-like growth factor 1) 
mRNA upregulated significantly at all the time-points with 
peak level at day 21 as compared to day 3 post surgery 
(Figure 4(i)). There was a nonsignificant increase in Fgf2 
(fibroblast growth factor 2)lbFGF (basic FGF) mRNA 
expression at day 7 and significant increase at days 28 and 
35 (Figure 4(j)), whereas Fgfrl (fibroblast growth factor 
receptor 1) mRNA expression was significantly higher at 
days 7 and 35 (Figure 4(k)). Gene expression of growth dif- 
ferentiation factor 5 (Gaf/5)/brachypodism (bp) mRNA was 
significantly higher at days 14, 28, and 35 (Figure 4(1)). 

Collagens and lysyl oxidase 

Gene expressions of Collal (collagen, type I, alpha 1), 
Colla2 (collagen, type I, alpha 2), and CoBal (collagen, 
type III, alpha 1) mRNA show an increase during healing 
period (Figure 4(m) to (o)): Collal expression increased 
significantly at days 7, 14, and 21 and remained nonsig- 
nificantly higher at days 28 and 35 (Figure 4(m)), 
whereas Colla2 expression was significantly higher at 
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all the time-points as compared to day 3 expression 
(Figure 4(n)). Expression of Col3al mRNA followed a 
sharp increase and then a sharp decrease pattern (Figure 
4(o)). Lysyl oxidase (Lox) expression showed a sharp 
increase at day 14 and second smaller peak at day 28 
(Figure 4(p)). 

Proteoglycans 

Expression of Vcan (versican) mRNA was significantly 
higher at days 7 and 14 and then declined, whereas Den 
(decorin) mRNA expression was significantly higher at days 
21, 28, and 35 (Figure 5(a) and (b)). They appear to show a 
complementary role during healing period. Biglycan (Bgn) 
showed significantly higher expression at days 14, 21, 28, 
and 35 (Figure 5(c)). Periostin (Postn) expression was sig- 
nificantly higher at day 7 and remained significantly higher 
until day 28 (Figure 5(d)), and tenascin C (Tnc) showed sig- 
nificantly higher peak level at day 7 (Figure 5(e)). 

Glycoprotein 

Thrombospondin 2 (Thbs2)/Tsp2 expression remained 
higher at all the time-points with significantly increased 
level only at days 14, 21, and 28 (Figure 5(f)). 

Matrix remodeling enzymes 

The expression of Adamtsl (a disintegrin-like and metal- 
lopeptidase (reprolysin type) with thrombospondin type 
1 motif, 1) mRNA showed a reverse trend than that of 
Thbs2, being significantly lower at days 21 and 28 
(Figure 5(g)). Matrix metallopeptidase 8 {Mmp 8) I co\\&- 
genase-2 mRNA expression was maximum at day 3 and 
then decreased significantly at all the other time-points 
(Figure 5(h)). Matrix metallopeptidase 13 (Mmpl 3)/co\- 
lagenase-3 expression shows two major significantly 
higher peaks at days 14 and 35 as well as two minor but 
significantly higher peaks at days 21 and 28 (Figure 
5(i)). Matrix metallopeptidase 2 (A/»y?2/gelatinase A) 
mRNA expression showed significantly higher level 
with larger peaks at days 14 and 35 and smaller peaks at 
days 21 and 28 (Figure 5(j)), whereas Mmp9 (matrix 
metallopeptidase 9/gelatinase B) mRNA expression 
level was highest at day 3 and then decreased at all the 
time-points significantly (Figure 5(k)). Matrix metallo- 
peptidase 14 (membrane-inserted)/Afm/?/4/MTl-MMP 
expression was significantly higher at days 7, 14, 21, and 
35 as compared to day 3 expression (Figure 5(1)). 

Developmental/progenitor/differentiation 
factors 

The expression of mothers against decapentaplegic homolog 
9 {Smad9, MAD homolog 9 (Drosophila) or its synonym, 



SmadS) mRNA expression increased significantly at day 14 
onwards at each time-point as compared to day 3 expression 
(Figure 5(m)). Scleraxis (Sex) expression was significantly 
higher at days 14, 21, and 35 (Figure 5(n)). Mohawk home- 
obox (Mkx) gene expression, studied at three time-points, 
was significantly higher at days 21 and 35 as compared to 
day 3 expression (Figure 5(o)). 

Cell matrix protein 

Tubulin polymerization-promoting protein 3 (TpppS) 
mRNA expression, studied at three time-points, was sig- 
nificantly higher at day 35 and nonsignificant at day 21 as 
compared to day 3 post surgery (Figure 5(p)). 

Discussion 

Histological assessment of FDL tendon graft 

To understand scar and adhesion formation during postsur- 
gical period of intrasynovial tendon, a murine model of FDL 
tendon graft repair was developed, by implanting the FDL 
tendon allograft from Rosa26/+ mouse into WT mouse, and 
the healing process from day 3 through day 35 at different 
time-points post surgery was followed. Using X-gal stain- 
ing, P-gal positive cells of allograft origin were detectable in 
frozen sections of grafted tendon, recovered at different 
time-points post surgery. P-gal positive cells were at low 
cell density in grafted allograft during early phase of heal- 
ing, indicating apoptotic events at days 3 and 7 (Figure 3(b) 
and (c)), though cells proliferated rapidly by day 10 (Figure 
3(d)) onward. Apoptosis in the healing tendons peaks at day 
3, followed about 10 days later by the peak proliferation 
period. 8 It is also obvious that the cells from grafted tendon 
invaded deep into the surrounding tissue at days 10, 14, and 
21 as shown by P-gal positive cells (Figure 3(d) to (f)), indi- 
cating that the healing process occurred in the presence of 
factors that are contributed by tendon and surrounding tis- 
sue, that is, in an interactive environment. The cell biology 
of flexor tendon healing follows the classic wound healing 
response of inflammation, proliferation, synthesis, and 
apoptosis, but the greater activity occurs in the surrounding 
tissue. 9 Based on histological observations, gene expression 
was analyzed from the tissues collected from grafted FDL 
tendon along with its surrounding tissue. Hence, the current 
investigation presents gene expression data based on the 
interactive environment. It is shown that the tendon cells 
invade much deeper into the surrounding tissue than previ- 
ously believed, and hence, the role of surrounding tissue 
cannot be ignored during healing process. Additionally, the 
current mouse model will provide simple histological 
assessment of scars (Figure 3(d) to (f)) and adhesions 
(Figure 3(g) and (h) in an experimental setting. As shown by 
p-gal staining of whole mount of isolated tendon graft and 
histological section (Figure 3(j) and (k)), donor tendon 
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allograft has well maintained its cellular density as indicated 
by the blue coloration. The study indicates that healing 
occurred by cellular contribution from both host and donor 
tendon. In contrast, in rat Achilles tendon-bone insertion 
graft healing study, using LacZ donor tendon or LacZ host 
bone, the authors showed that the healing of insertion was 
due to host cells rather than donor tendon cells. 10 The reason 
could be that in Kobayashi et al.'s 10 experiment, the study is 
based on tendon-bone insertion healing. These two systems 
should be considered completely different. There is possi- 
bility that tendon cells need to change to next differentiated 
stage to cross talk with cells at the insertion site in 
Kobayashi's study. And only cells from host may provide 
that. Or there could be more inflammation at tendon-bone 
insertion during healing and cells from tendon might have 
undergone apoptosis due to heavy inflammation. 10 Other but 
yet unknown reasons for the difference between this study 
and the Kobayashi's study cannot be ruled out. 10 

Gene expression in grafted FDL tendon 

Urokinase-type plasminogen activator (Plau or uPA) plays 
a vital role in the early phases of wound healing by aiding 
fibrin dissolution, promoting the migration, proliferation, 
and adhesion of various cells to the wound bed. 11 In 
wounded gingival granulation tissue, Tgfpl caused an 
enhanced expression of uPA in cells expressing a-SMA 
indicating its role during wounds. 12 Expression of uPA 
mRNAs was maximal at days 4 and 7 following Achilles 
tendon injury. 13 In this study, Plau mRNA expression was 
highest at day 3 (Figure 4(a)), indicating its role in early 
phase of healing, in which uPA activates the conversion of 
plasminogen to plasmin, which in turn degrades unwanted 
fibrin deposited in blood clot and other remodeling func- 
tions (i.e. activation of MMPs). The study indicates that 
uPA plays a role in FDL tendon graft healing process. 

Plasminogen activator inhibitor 1 (SERPINE1/PAI-1), a 
single-chain glycoprotein, which is present in plasma as 
well as synthesized by many tissues, inhibits uPA and tPA 
(tissue plasminogen activator) and is therefore a regulator 
of plasminogen activation and plays primary role in 
fibrinolysis and also involved in the regulation of cell adhe- 
sion, cell migration, and invasion. 11 Skin wound healing is 
accelerated in PAI-1 -deficient mice. 14 Highest level of 
Serpinel mRNA expression at day 3 indicates its role dur- 
ing inflammation (Figure 4(b)). 

Alpha-actin-2 (Acta2 (a-SMA) (actin isoform, a-SMA)), 
though mainly expressed in muscle tissues, has been identi- 
fied in fibroblastic cells of normal tendons, ligaments, and 
myofibroblasts. 15 Alpha-actin-2-expressing cells (myofi- 
broblasts), in injured rabbit ligament (day 3 to 12 weeks 
post injury), were identified at day 3 in medial collateral 
ligament, and their density increased steadily to day 2 1 . 16 In 
FDL tendon graft healing, Acta2 mRNA expression 
remained higher on all the days as compared to day 3 post 



surgery indicating its role in all the postinflammatory 
events (Figure 4(c)). The highest level at day 7 indicates its 
major role in contraction events of healing aiding closing of 
the wound (Figure 4(c)). In the sheep's anterior cruciate 
ligament with Achilles tendon graft, the midsubstance tis- 
sue samples stained for a-SMA indicate the presence of 
myofibroblasts at 6 weeks post surgery within the newly 
formed fiber bundles. 15 

TGFp 1 and TGF[33 (encoded by genes Tgfbl and Tgfb3, 
respectively) play a central role in regulating wound repair, 
by acting as a molecular switch, turning on or off the depo- 
sition and accumulation of ECM in the wound area. This 
enhanced accumulation of ECM is the result of TGFP's 
ability to regulate synthesis of ECM, proteases, protease 
inhibitors, and integrins resulting in increased adhesion to 
ECM. While these events are beneficial in terms of wound 
repair, the TGFP-induced ECM deposition, if not switched 
off, can lead to the negative side of healing process, that is, 
scarring and fibrosis. 17 In the current murine FDL tendon 
graft healing study, Tgfbl mRNA expression showed high- 
est level during inflammatory phase and the level steadily 
declines by day 35 (Figure 4(d)), whereas Tgfb3 showed a 
reverse and an increasing trend in its expression over heal- 
ing period, the strong induction particularly at later stages 
of healing process (Figure 4(e)). Skin wound repair shows 
that Tgfbl mRNA expression decreased from day 3 until 
day 13 but Tgfb3 expression increased from day 3 until day 
13 in a 13-day study. 18 TGF[33 has been shown to reduce 
connective tissue deposition and subsequent scarring dur- 
ing wound healing in normal rats. 19 

Through the receptors (Acvrll (Alk-1), Tgfbrl (Alk-5), 
and Tgfbr2), TGFfSs signal by the ligand (TGFfSl, P2, or 
(33) binding to its constitutively active TGFp receptor, 
type II or TGFR-2 (encoded by Tgfbr2), which phospho- 
rylates the TGFp receptor, type I. Out of a number of 
TGFp receptors, type I, the two (ALK-5, encoded by 
Tgfbrl or Alk-5, and ALK-1 encoded by Acvrll or Alk-1) 
of them are known to be involved in TGFpi signaling. 20 
Expression of Tgfbr2 mRNA remained consistently higher 
on all the days, whereas Acvrll (Alk-1) showed increased 
expression at days 7 and 35 and Tgfbrl (Alk-5) showed 
increased expression at days 7, 28, and 35 (Figure 4(f) to 
(h)). It is evident that the expression profile of Alk-1 and 
Alk-5 appears similar but their signaling routes (via 
Smadl/5 or Smad2/3) and target cells (endothelial cells 
(ECs) or fibroblasts) are different. In fibroblasts, TGFp 
signals mainly through ALK-5/Smad-2/3 pathway. 19 
Signaling of TGFp through ALK-5 leads to inhibition of 
EC proliferation and migration, whereas signaling of 
TGFp through ALK-1 induces EC proliferation and 
migration. 21 Mutations in ALK-1 are linked to hereditary 
hemorrhagic telangiectasia 2 in human. 22 In the skin 
wound healing study, in Alk-l-LacZ mouse, P-gal 
expression was found in newly formed blood vessels at 
days 3 to 8 in a 10-day study, indicating its role during 
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angiogenesis. 23 It appears that higher levels of mRNA 
expression of Acvrll (which encodes ALK-1) are respon- 
sible for angiogenesis and higher levels of Tgfbrl (which 
encodes ALK-5) are responsible for granular tissue for- 
mation, ECM production, maturation, and remodeling 
during FDL tendon graft healing studies. In rabbit flexor 
tendon injury, using immunohistochemistry, both the 
TGF-fS receptor types I and II showed highest expression 
in epitenon and the tendon sheath. 24 

Insulin-like growth factor (IGF-I) has been shown to 
play a role in wound healing and regeneration. Expression 
levels of Igfl mRNA and protein increased in healing rabbit 
medial collateral ligament 25 and in canine flexor tendon 
after laceration. 26 Upregulated Igfl mRNA expression, dur- 
ing day 7 through day 35 (Figure 4(i)), indicates that it may 
play a role in angiogenesis and growth of cells of FDL ten- 
don graft healing. During healing of deep flexor tendon 
repair in rabbit, Igfl mRNA expression was higher in ten- 
don and sheath on all the time-points (days 6 to 42) as com- 
pared to day 3. 27 

Fibroblast growth factor 2 (FGF2 or basic FGF) is one 
of the paracrine FGF1/2/5 subfamilies. 28 The importance 
of these factors in wound healing was revealed, in part, by 
the finding that knocking out of Fgf2 delays reepitheliali- 
zation in skin wounds. 29 One molecule of FGF2 binds to 
two molecules of FGF receptor- 1 (FGFR1) in the pres- 
ence of heparan sulfate, and the signaling leads to fibro- 
blast growth. 28 Controlled release of bFGF and 
platelet-derived growth factor (PDGF)-BB has been 
shown to be beneficial to tendon repair. 30 Gene transfer in 
healing flexor tendon through "adeno-associated virus2- 
bFGF" transduction, an increase in tensile strength was 
observed. 31 This study showed that Fgf2 mRNA expres- 
sion was initially increased at day 7 during granular tissue 
formation and then mainly at days 28 and 35, indicating 
its role on cell growth on those days (Figure 4(j)). 
Interestingly, but not surprisingly, Fgfrl mRNA expres- 
sion profile was more or less similar to Fgf2 mRNA 
expression (Figure 4(j) and (k)). This study clearly indi- 
cates that FGF2/FGFR1 signaling is required in FDL ten- 
don graft healing. 

Growth/differentiation factor 5 (GDF-5 or brachypo- 
dism (bp)) belongs to bone morphogenetic proteins 
(BMPs) family, which is composed of multifunctional 
growth factors that belong to TGF[3 superfamily. 32 GDF-5 
implanted ectopically resulted in the formation of neoten- 
don and ligament. 33 It has been shown to play multiple 
roles in tendon biology and wound healing studies. 34 
Application of GDF-5 in two doses enhanced mechanical 
strength in transected healing Achilles tendon in rat. 35 
Tendon healing is delayed in brachypodism mouse 
(Gdf5 h P -J/b P -J ) lacking GDF-5 due to mutation in the gene. 36 
This study showed a significant increase in Gdf5 mRNA 
expression indicating that GDF-5 plays a role in FDL ten- 
don graft healing (Figure 4(1)). 



Collagens contribute tensile strength to tendon and other 
tissues. Collagen, type I or [al(I)] 2 a2(I) and type III or 
[al(III)] 3 , plays an important role in tendon healing pro- 
cess. During wound healing, one of the fibroblasts' domi- 
nant role is the production of collagen. Higher gene 
expression of all the collagen genes (Collal, Colla2, and 
CoBal; Figure 4(m) to (o)) indicates their role during mat- 
uration and remodeling phase of FDL tendon graft healing. 
In a rat flexor tendon healing study, COL I mRNA expres- 
sion increased from days 3 to 28 with a peak at day 28, 
whereas COL III expression increased from day 3 to the 
peak value at day 14 and then sharply decrease. 37 Healing 
tendon lesions from horses euthanized 1, 2, 4, 8, or 24 
weeks following injury, gene expression using Northern 
blot, collagen types I and III increased by week-1 following 
injury and remained elevated throughout the course of the 
study, though COL I dominated through the period. 38 

Lysyl oxidase (LOX) initiates the cross-linking of 
lysine-derived aldehyde and plays a role in maturation of 
collagen. In the current FDL tendon graft healing study, 
Lox mRNA expression showed 8-fold increase at day 14 
and 3.5-fold increase at day 28 (Figure 4(p)). The peak Lox 
level at day 14 corresponds to the higher level of mRNA 
expression of collagen genes (Collal, Colla2, and CoBal) 
at or around day 14, whereas higher level of Lox at day 28 
corresponds to higher level of Colla2 and CoBal (Figure 
4(m) to (p)). In the rat skin healing studies, the Lox mRNA 
level reached a peak by day 3 after injury, which was earlier 
than that of type III collagen, and continued at a high level 
until day 22. The type III collagen mRNA level began to 
rise from day 3 and had intensely increased by day 22. 39 
Transfection studies show that the Lox and Collal promot- 
ers may be regulated by similar negative and positive cis- 
acting elements, which include TGF-|3 response element 
reported for rat Collal 40 and for mouse Colla2 promot- 
ers. 41 In vitro studies have shown that hrTGFfS 1 causes an 
increase in Lox mRNA expression in murine tail 
tenocytes. 42 

Versican (VCAN), a large chondroitin sulfate proteogly- 
can, is a component of ECM found in a number of tissues. 43 
During healing, when the inflammation is turning off, epi- 
thelialization and matrix formation are initiated by migrat- 
ing proliferating fibroblasts that lay down a provisional 
matrix bed rich in versican among other molecules. As this 
bed is degraded by MMPs, myofibroblasts go into apopto- 
sis, and the structure and function of the tissue are restored. 
In patellar tendinosis, an increased deposition of versican 
has been reported. 44 Decorin (DCN) is an ECM chondroi- 
tin/dermatan sulfate small leucine-rich proteoglycan 
(SLRP). The structural features of decorin provide its criti- 
cal role in ECM assembly. Wound healing is delayed in 
mice lacking decorin 45 In myocardial infarction, Vcan and 
Den mRNA expression showed reverse trend in their 
expression over healing. Vcan mRNA expression was tran- 
siently induced in the infiltrating monocytes as shown by 
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an increase at 6 h through day 7 and then decreased sharply 
till day 28, whereas Den mRNA increased that replaced the 
decreasing Vcan mRNA expression. 46 In this study, a simi- 
lar reverse relation of Vcan and Den mRNA expression in 
FDL tendon graft healing was obtained. Versican mRNA 
expression was significantly higher at days 7 and 14 and 
was on decline thereafter, whereas decorin mRNA expres- 
sion was significantly higher at later days at days 21, 28, 
and 35 (Figure 5(a) and (b)). This study supports the notion 
that versican (a component of provisional matrix) is 
replaced by decorin, which is required during matrix 
assembly, collagen fibrillogenesis, and remodeling. 

Biglycan and decorin belong to the SLRPs class I sub- 
family. Both contain 12 leucine-rich repeats (LRRs). 
Biglycan has two attached glycosaminoglycan (GAG) 
chains and decorin has one. The GAG can be either chon- 
droitin sulfate or dermatan sulfate depending on the tissue 
origin. Biglycan binds collagen type I in the gap zone of the 
fibrils, and decorin competes for that interaction. 47 Decorin 
has a high-affinity collagen-binding site in the sixth LRR. 48 
The effects of the two GAG chains present on biglycan are 
reasonably different from the single GAG of decorin. The 
switch in expression levels of these SLRPs during tendon 
development is demonstrated by the fact that decorin pro- 
tein increases gradually with development from P4 to P30 
by 70%, whereas biglycan core protein decreases from P4 to 
P30 by 50% in flexor tendon. The stage in normal tendon 
development (P30) where decorin peaked and biglycan 
decreased to its lowest level was assessed in early fibril 
assembly, and decorin persists until thick fibrils are formed 49 
The two GAG chains are proper organizers in the formation 
of early fibrils, perhaps by controlling the multitudes of 
small fibrils that would otherwise assemble in an uncon- 
trolled manner. Biglycan, and not decorin, is upregulated by 
100% in compressed tendons, where mechanical stress 
induces collagen fibrillogenesis. 50 

Significantly higher mRNA expression of Bgn during 
healing indicates its role in collagen fibrillogenesis process 
in this study (Figure 5(c)). In the rat healing model in in 
vitro wound chambers, Bgn mRNA shows higher level of 
expression during healing from days 12 to 22 in a 22-day 
study. 51 By using biglycan-deficient mice, Corsi et al. 52 
were able to show altered collagen fibrillogenesis in tail 
tendon as compared to WT. Tendon from 2-month-old male 
hemizygous Bgn~ 10 mice is abnormally shaped and unusu- 
ally large diameter fibrils. 52 Hiroyuki et al. 53 were able to 
demonstrate that biglycan deficiency adversely affects the 
mechanical property of the healing bone insertion site of 
the patellar tendon fibers after 4 weeks post surgery in 
mice. Collagen fibril diameter distribution was disturbed in 
mutant mice. 

Decorin-deficient mice show abnormal collagen fibrils 
in FDL and tail tendon, the effect is more severe in tail ten- 
don indicating differential role of this proteoglycan in dif- 
ferent tendons. 49,52,54 Reduced mechanical properties were 



recorded in FDL tendon in mature decorin-deficient mice. 49 
In another interesting study, on the same mutant gene, 
Ilkhani-Pour et al. showed that injured decorin-deficient 
Achilles tendons heal better than WT tendons. Injured 
Dcn~'~ tendons showed decreased tendon cross-section 
area, increased linear modulus, decreased tan(§), and 
increased dynamic modulus | E* | compared to WT 
Achilles tendon. Authors suggested that the deletion of 
decorin during tendon healing might have reduced scarring 
and improved collagen fibrillogenesis by allowing the for- 
mation of more mechanically stable collagen fibrils. 55 
Decorin mRNA expression was significantly higher at later 
days at days 21, 28, and 35 (Figure 5(b)), indicating its pos- 
sible role in collagen fibrillogenesis and adhesion 
formation. 

Decorin also has the ability to bind to TGFfSl, which is 
involved in the regulation of cell proliferation, differentia- 
tion, ECM production, wound healing, and tissue repair. 56 - 57 
TGF-P is of crucial importance in triggering excessive for- 
mation and deposition of connective tissue matrix mole- 
cules. Decorin-TGFp 1 complex formation may lead to 
inactivation of some cytokines and TGFfSl itself in connec- 
tive tissue. 58-60 To test if scar formation can be prevented by 
controlling decorin expression in tenocytes, Achilles ten- 
don cells from rabbit were transfected with antisense 
decorin, and the authors found that it suppressed Tgfpl 
production. Scar formation could be prevented by control- 
ling decorin expression in tendinocytes. 61 

Periostin, a secreted cell adhesion protein, is a matricel- 
lular protein. 62 Periostin is predominantly expressed in 
collagen-rich fibrous connective tissues that are subjected 
to constant mechanical stress including heart valves, ten- 
dons, and periodontal ligament. Periostin binds to collagen 
I and plays a role in collagen fibrillogenesis as also evi- 
denced by Postn-KO mice. 63 This study shows, for the first 
time, that periostin plays a role in healing FDL tendon graft 
in mouse. Periostin mRNA expression was increased at day 
7 and remained significantly high until day 28 (Figure 
5(d)), indicating its role in tendon maturation, collagen 
fibril arrangement, and remodeling events. 

Tenascins are a family of ECM proteins that evolved in 
early chordates. There are four family members: tenascin 
X, R, W (new name N), and C. Tenascin X associates with 
type I collagen. In contrast, tenascin R is concentrated in 
perineuronal nets. The expression of tenascin C and tenas- 
cin N/W is developmentally regulated and both are 
expressed during the disease state. 64 Tenascin C is an elastic 
ECM protein that can be stretched multiple times its resting 
length. Thus, it provides elasticity for the musculoskeletal 
tissue undergoing repair. 65 In normal adult tendons, it is 
expressed predominately in regions transmitting high lev- 
els of mechanical force, such as the myotendinous and 
osteotendinous junctions. 66,67,68 Tenascin C is abundant in 
the tendon pericellularly and around the collagen fibers of 
the tendon belly. 66 The protein is expressed around the cells 
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and collagen fibers of the Achilles tendon. 64 In addition, 
Jarvinen et al. 65,68 have shown that expression of the TNC 
gene is regulated in a dose-dependent manner by mechani- 
cal loading in tendons. In this study, only the early induc- 
tion of Tnc takes place in the granulation tissue, but due to 
the immobility caused by the tendon transection proxi- 
mally, there is no expression of Tnc at the later stages of 
healing. Healthy tendons express a small 200-kDa tenascin 
C isoform, while degenerating tendons express a function- 
ally distinct larger 300-kDa isoform. 69 Ireland et al. 70 and 
Mokone et al. 71 have reported an increase in tenascin C 
expression in biopsy samples of chronic Achilles tendi- 
nopathies. Tenascin C mRNA expression is upregulated in 
FDL tendon graft healing at day 7 at the time of fibroplasia 
and granulation tissue formation in which wound contracts 
and collagen deposits. This is further supported by the 
recent finding that in vitro Tenascin C-deficient lung fibro- 
blasts expressed less a-SMA and deposited less collagen I 
into the matrix. 72 In the wounded skin, staining pattern of 
tenascin, in dermis, gradually increased from the third day 
and reached peak level at about 8 days after wounding. At 
this stage, it was enriched in the granulation tissue, and its 
distribution corresponded to the middle of the newly 
formed collagen fibrils. 73 

Thrombospondin-2 (Thbs2 or Tsp2) belongs to a family 
of multimeric, ECM, secreted modular glycoproteins and 
functions as a matricellular protein to influence cell func- 
tion by modulating cell-matrix interactions. 74 It is expressed 
in organized connective tissues including ligaments and 
blood vessels during murine embryonic development. 75 
Thrombospondin-2-deficient mice display fragile skin 
associated with disordered dermal collagen fibrillogenesis 
and increased vascular density. 76 Early postnatal flexor ten- 
don show distinct abnormality in fibroblast-collagen fibril 
interactions in Tsp2-KO tissues. 77 The structurally abnor- 
mal collagen fibrils, detected in skin, appear to be the con- 
sequence of the defective adhesion demonstrated by dermal 
fibroblasts in culture that, in turn, result from increased 
matrix metalloproteinase-2 (MMP-2) production by these 
cells. 76 The study show, for the first time, that thrombos- 
pondin-2 plays a role in murine FDL tendon graft healing. 
Expression of Thbs2 mRNA was significantly higher at 
days 14 to 28 (Figure 5(f)), coinciding with peak angiogen- 
esis events (Figure 1) supporting Iruela-Arispe et al.'s 75 
studies and coinciding with higher expression profile of 
collagens for its role in maturation and remodeling events 
(Figures 4(m) to (o) and 5(f)). 

A secreted and an ECM-associated metalloprotease 
with three thrombospondin motifs, ADAMTS-1, mediate 
cleavage release of polypeptides generating a pool of 
antiangiogenic fragments from matrix-bound THBS-1 and 
THBS-2. 78 It appears that ADAMTS-1 and thrombospon- 
dins may play an interdependent role in regulating antian- 
giogenesis during tendon graft healing. Thbs2 mRNA 
expression level, in the current FDL tendon graft healing 



study, was significantly higher during peak angiogenesis 
event at days 14, 21, and 28 (Figures 1 and 5(f)), whereas 
Adamtsl mRNA expression showed a reverse trend being 
the lowest at days 21 and 28 (Figure 5(g)). How and 
whether these two molecules regulate angiogenesis in ten- 
don graft healing is an open question. 

The relevance of MMP-8 in wound repair is suggested 
by the fact that this neutrophil protease is the main colla- 
genase produced in healing wounds. 79 Mouse deficient in 
MMP-8 shows a significant delay in wound closure with 
an altered inflammatory response in their wounds. 80 In the 
current FDL tendon graft healing studies, MMP-8 appears 
to be actively involved. Mmp8 mRNA expression was 
maximum at day 3 and then decreases gradually to low 
level by day 35 (Figure 5(h)), indicating its role in inflam- 
matory event of tendon healing. Thus, this study shows 
that MMP-8 plays a role in FDL tendon graft healing at 
inflammatory phase. 

In rabbit flexor tendon injury, the Mmpl3 mRNA expres- 
sion levels, evaluated in tendon and tendon sheath at several 
time-points (days 3, 6, 21, and 42), remained upregulated dur- 
ing the study period. 27 Mmpl3 mRNA expression was bipha- 
sic, with peak activities at days 15 and 37 of surgery after skin 
injury by scalpel or laser. 81 In the current FDL tendon graft 
healing, mRNA expression of Mmpl3 also shows two major 
significantly higher peaks at days 14 and 35 and two minor 
significantly higher peaks at days 21 and 28 (Figure 5(i)), indi- 
cating its role in tissue remodeling during healing process. 

The MMP-2 and MMP-9 have multiple substrates 
including gelatins, collagenous and noncollagenous 
ECM, and nonstructural ECM components. 82 Various 
studies have shown that MMP-2 and MMP-9 play a role 
during skin wound healing and as well as in tendon heal- 
ing. In the current FDL tendon graft healing studies, 
Mmp2 mRNA expression showed its highest peak at days 
14 and 35 (Figure 5(j)), whereas Mmp9 mRNA level was 
highest at day 3 (Figure 5(k)), indicating that MMP-2 is 
involved in biphasic manner during remodeling phase 
and MMP-9 plays a role in inflammatory and early gran- 
ular tissue formation. In a rat FDL laceration and repair 
model, MMP-2 peaked at days 14 and 28 and MMP-9 
was highest at days 7 and 14. 37 In brief, this study shows 
that both Mmp2 and Mmp9 are involved in FDL tendon 
graft healing process. 

The membrane-bound matrix metalloproteinase, MMP- 
14, mediates pericellular proteolysis of ECM components 
and plays a role in cellular remodeling of the surrounding 
matrix. The enzyme has multiple substrates, including gela- 
tins; collagen I, II, III; proteoglycans; fibronectin; tenascin; 
fibrinogen; Pro-MMP-2; and Pro-MMP-13. 82 Among oth- 
ers, one of the phenotypes of Mmpl4-KO is fibrosis of soft 
tissues due to ablation of collagenolytic activity that is 
essential for remodeling of connective tissues. 83 It was 
shown that MMP-14 plays a role in flexor tendon healing. 
In rat flexor tendon healing process, Mmpl4 mRNA 
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expression was higher at days 7, 14, 21, and 28 indicating 
its role in collagen degradation as well as in remodeling. 37 
In the current FDL tendon graft healing study, Mmpl4 
mRNA was significantly higher at days 7, 14, 21, and 35 
(Figure 5(1)), indicating its role in collagen degradation 
during granulation as well as its role in FDL tendon graft 
remodeling and adhesions. In short, this study shows that 
MMP-14 plays an important role in FDL tendon graft 
healing. 

Canonical BMP signaling pathway involves SMAD9 or 
SMAD8. In this pathway, SMAD 1/5/8 are phosphorylated 
by BMP receptors. The SMAD8 has been shown to be 
important in inducing neotendon formation from mesen- 
chymal stem cells and has been proposed to play a role in 
tendon repair. 84 The mRNA expression levels for Smad8 
were significantly higher at day 14 through day 35 (Figure 
5(m)), indicating that SMAD8 plays a role in FDL tendon 
graft healing. In an induced mesenchyme to tenocyte dif- 
ferentiation study, knockdown of Smad8 prevented the 
expression of tenocyte markers. 85 

Scleraxis (SCX) is a specific marker for all the connec- 
tive tissues that mediate attachment of muscle to bone, 
including the limb tendons, and its expression marks the 
progenitor cell populations for these tissues. 86 Tendon 
healing is a regenerative process and tendon progenitor 
cells are expected to play a role in healing process. Higher 
Sex mRNA expression during FDL tendon graft healing 
was observed, indicating that scleraxis plays a role in heal- 
ing process (Figure 5(n)). In a murine patellar tendon 
injury model, Sex mRNA expression was measured at 1-, 
4- and 8-week time -points. The authors observed increased 
expression at 4- and 8-week time-points. 88 Rats undergo- 
ing unilateral detachment and repair of the supraspinatus 
tendon and receiving Ad-Sex-transduced mesenchyme 
stem cells at the repair site showed improved tensile 
strength assessed at 2 and 4 weeks. 87 

Mohawk homeobox (MKX) is a member of the "Three 
Amino acid Loop Extension" superclass of atypical home- 
obox genes that are expressed in developing tendons. 89 
Mkx mRNA is strongly expressed in differentiating ten- 
don cells during embryogenesis and in the tendon sheath 
cells in postnatal stages. 90 Mice deleted mMkx gene show 
smaller collagen fibril diameter, reduction in tendon mass, 
and down-regulation of type I collagen content. 89 These 
studies identify that mohawk homeobox is an important 
regulator of tendon development. This study shows, for 
the first time, that mohawk homeobox is important in ten- 
don healing process. Gene expression of Mkx mRNA 
determined at day 3, 21, and 35 was increased signifi- 
cantly at day 21 and 35 as compared to day 3 expression 
(Figure 5(o)), which indicates that the mohawk homeobox 
plays a role in FDL tendon graft healing process. 

Tubulin polymerization-promoting protein 3 (TPPP3) is 
a member of the tubulin polymerization-promoting protein 
family. 91 In tendons, TPPP3 is expressed in cells 



at the circumference of the developing tendons, likely the 
progenitors of connective tissues that surround tendons: the 
tendon sheath, epitenon, and paratenon. These tissues form 
an elastic sleeve around tendons and provide lubrication to 
minimize friction between tendons and surrounding tissues 
during gliding. TPPP3 is the first molecular marker of the 
tendon sheath. 90 Higher mRNA expression at days 21 and 
35 indicates that it may play a role in the remodeling of ten- 
don sheath during FDL tendon graft healing (Figure 5(p)). 

Gene expression profile, during tendon graft healing and 
scar and adhesion formation, indicated that all the genes 
studied participated in the process. Some of the genes, first 
time studied in tendon graft healing (Alkl, Postn, Tnc, 
Tppp3, and Mkx), can be a potential target for therapy to 
reduce scars and reduce or inhibit adhesion formation. 

Conclusion 

By using a mouse model for FDL tendon graft repair using 
Rosa26/+ mouse as an allograft donor and WT mouse as a 
recipient, this investigation reports that tendon graft heal- 
ing takes place in an interactive environment created by 
host tendon, donor graft, and host surrounding tissue in an 
intrasynovial FDL tendon healing model. Manipulating this 
interactive environment, by therapeutical approaches, may 
lead to solutions for reducing scar formation and thus for 
reducing or inhibiting adhesion formations. Gene expres- 
sion profile during tendon healing and scar and adhesion 
formation indicated that all the genes studied here partici- 
pated in one or more of these processes. Some of the genes, 
first time studied in tendon healing (Alkl, Postn, Tnc, 
Tppp3 and Mkx), will be further investigated if they can be 
of some therapeutical value in reducing scars and prevent- 
ing adhesion formation. 
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